We report a simple and practical method to design and fabricate antireflection (AR) coatings for the emission facet of GaAs-based laser chips suited to operating in the very far infrared (IR) or terahertz (THz) spectral region. Vacuum-deposited silica films about 8 µm thick serve as a single layer, quarter-wave AR and with reflectivities measured below 0.5% over ~10 cm -1 range in the far IR. Quantum cascade lasers (QCL) thus coated function well at 8-10 K coupled to a tunable, external cavity optical system at ~158 cm -1 (~4.75 THz).
INTRODUCTION
The practical utility of a quantum cascade laser (QCL) operating in the very far infrared will be enhanced by development of methods for tuning over wider bandwidths than is generally available at present. Gas spectroscopy is a well known application in the THz [1] . The atomic oxygen line at λ ~63 µm wavelength (~158 cm -1 ) is of particular interest. For this application, agile tuning of a coherent, narrow-band source over a range of order 0.5-1.0 cm -1 would serve well. Tuning a QCL by an external cavity (i.e., EC-QCL) could provide such a λ range. While existing QCL devices based on GaAs can be designed for emission in the range of 1-5 THz [1] , implementation of EC-QCL tuning methods would advance their utility. In particular, fabrication of EC-QCL will require development of low-loss emission of THz radiation from one facet of the QCL device in order that the optical cavity couple with an external mirror.
Various strategies for AR on high-index materials such as GaAs in the THz have been reported, such as adhesive-bonded elements of silicon, quartz, or parylene [2] [3] [4] . Conventional AR coatings of deposited quarter-wave films are a mature technology in the visible and mid-tolongwave IR but present optical-materials challenges in the THz range and for cryogenic QCL operation [3] . Selection of a coating material for a simple, single-layer AR design must not only provide good transparency over the wavelength range of interest but also its index of refraction (n) should fall close to √ n s , for n s the substrate index. Further complicating the optical AR design are wavelength and temperature dependences of n and n s . Dispersion in GaAs is reported to be ∆n s /n s ~0.4% over the range of 1-2 THz [5] , and the temperature-dependence of the index ∆n s /n s ~0.8% integrated from 300 K to 8 K [6] . Thus, it is expected that the AR must maintain the desired low reflectivity under conditions which cause up to 1% changes in n s .
Here, a coating was designed for AR on a GaAs-based QCL to function as a narrow-band tunable source for spectroscopy of the atomic oxygen line at ~158 cm -1 . It was estimated that tuning of the EC-QCL over ~0.1 cm -1 would serve well for spectroscopic purposes. Tuning for compensation of individual devices over the fabrication-tolerance wavelength spread of QCL would also be desired. At the design wavelength, n s ~3.7 for GaAs [5] and hence the ideal singlelayer, quarter-wave AR film would have n ~1.9 and thickness of ~8 µm. We demonstrate that for this application a single-layer AR can provide a sufficiently low reflectivity R over a wide enough band that multilayer AR coatings with wider low-R bandwidths are not necessary.
EXPERIMENTAL METHODS
A well-known practical difficulty in the design of AR coatings is the limited available selection of transmissive materials suited for fabrication into films, which greatly limits the choice of matching refractive indices. AR matching to high-index materials such as Ge, Si and GaAs is an added complication, as is the required mechanical strength against differential thermal contraction upon cooling to cryogenic temperatures. In the THz range less is known about optical properties of materials than in the shorter wavelength IR. High-purity silicon crystals, polyethylene and quartz have long been used in far infrared optics where they excel, exhibiting low dispersion and absorption. Table I compiles a number of materials reported to have good transmission characteristics in the THz [2] [3] [4] [5] [6] [7] [8] . Silica in many forms is transmissive and with an index of ~1.98 to 2.11 [1, 3, 7, 8] which is close to the desired value (~1.9) for AR coating of GaAs. The precise optical and stress properties of silica coatings, however, depend on intricate details of the fabrication methods employed and hence trial runs for qualification are generally required. Thermal oxide films on silicon have an absorption coefficient at 2 THz of ~2x10 -3 µm -1 [8] . Thus, the absorption loss is expected to be small in an AR coating of silica no more than a few microns thick. Silica was vacuum evaporated and films deposited under argon-ion assist to reduce film stress. Substrates were mounted to a water-cooled plate during coating and the deposition rate limited so that the laser devices would not rise above ~300 ∞C. Prior to laser-facet coating, test coatings onto Si and GaAs wafer pieces were characterized for reflection and transmission with a far-IR spectrophotometer and tooling parameters were obtained for the deposition process.
RESULTS AND DISCUSSION
Reflectivity R was calculated following Eq. (1) and plotted as a function of wavelength λ, with small variations of n and n s about the values that minimize R. As a design target, R <0.1% was estimated as sufficient for use in an EC-QCL.
(1)
The black lines in Figure 1 show that for n =√n s (noted as ìidealî) R remains below 0.1% across a bandwidth of ~3 µm, centered at ~63.2 µm. Figure 1 (a) shows the calculated R for n s =3.7 and n =1.9 (ideal), 1.9±2%, 1.9±4%, 1.9±6%, and 1.9±8%. Figure 1 (b) displays the calculated R for n =1.9 and n s =3.7 (ideal), 3.7±5%, and 3.7±10%. From this, it is estimated that R will remain below 0.1% for deviations of n and n s by ±2% and ±5%, respectively. Test coatings of AR silica on GaAs wafer pieces were made with a design thickness such that the minimum R was expected to occur at λ =41.0 µm. This λ was within the range of the Perkin Elmer PE938 spectrophotometer used to measure R, the results of which are shown in Figure 2 . Uncoated, double-side polished GaAs wafers were also characterized, for comparison with the AR coated GaAs. Since only one side of the wafer was coated the net transmission through the wafer only increased slightly. However, in Figure 2 (b) R of the coated GaAs can be seen to fall to near zero at ~238.5 cm -1 or ~41.9 µm. The minimum in R can be compared with the observed instrumental R =0, which was measured by averaging multiple scans with the IR source disabled. That ìR zeroî baseline fluctuated with a standard deviation of ~±0.12%, which is taken as an upper bound on the measured minimum R for the coated GaAs. The measured R remained below ~0.1% for a range of 4-7 cm -1 or ∆λ ~1 µm or more. The test silica coatings survived repeated and rapid cooling to liquid nitrogen temperature. Facets of fabricated QCL were then coated with silica prior to wire bonding. The electrical performance of the devices was not affected, and at normal drive currents the QCL lased only when an external mirror was placed near the AR-coated facet, thus confirming the low R of the coating. Tuning by an external cavity was characterized by use of a FTIR spectrometer and a linearly positioned mirror [10] . Figure 3 (a) shows a multi-mode emission when the laser was driven far above its EC threshold for lasing. However, when driven just above threshold the emission could be tuned with the position of the external mirror as seen in Figure 3 
CONCLUSIONS
Calculations of simple, single-layer coatings of silica films on GaAs showed very low reflectivity, <0.5% over 10 cm -1 range at 63 µm, on GaAs for QCL operating at 8K. The thickness and hence wavelength of minimum reflectivity of the coating was adjusted to the desired wavelength by qualification depositions on GaAs wafer pieces followed by reflectivity measurements. The coatings evidenced low stress by absence of failure under repeated cooling cycles to cryogenic temperatures. QCL devices coated in this manner operated in an external cavity optical system with a tuning range of ~0.4 cm -1 .
